Background: Developing medium-to long-term energy scenarios is a key to achieve goals of energy security and greenhouse gas emission reduction through the implementation of effective public policies. Methods: Despite the availability of many tools and methods that focus on energy planning from an engineering perspective, only a few approaches have the methodological capabilities to build energy scenarios and quantify their impacts across social and environment indicators in a dynamic and flexible way. To fill this gap, we have created a System Dynamics model customized for the state of Minas Gerais in Brazil to simulate possible trajectories of energy demand and supply.
Background
The energy sector is responsible for nearly 80% of the anthropogenic greenhouse gas emissions (GHG) globally, considering the entire energy supply chain: production, conversion, transportation, and consumption [1] . This occurs due to the high consumption of fossil fuels, which accounts for about 81% of the world energy mix, while renewable sources account for only 13% [2] .
Recent years have registered solid growth in the overall use of renewable energy, reaching 4% per year on average [3] . However, even with recent incentives for alternative energy sources and energy efficiency policies, the share of fossil fuels (also leading to increasing GHG emissions) tends to remain dominant in the global context characterized by economic growth and threatened national energy security, both in developed and in developing countries. Reducing GHG emissions associated with energy demand and supply without impacting the quality of life of the world population will require a major effort to both (1) diversify the energy matrix and (2) change consumption patterns [1] .
When comparing the Brazilian energy matrix with other countries worldwide, we notice a clear difference in the use of renewable energy. In Brazil, the share of renewable energy sources reaches 44.7% of supply (Figure 1 ), a value that grew to 55% for the specific case of Minas Gerais State [4] . Located in the southeastern region, Minas Gerais has the third largest economy and the second largest population (19.6 million) in the country. The land area represents 7% of the Brazilian territory, higher than those in countries such as France, Sweden, and Spain. The energy mix discrepancy is due to the fact that the Brazilian and Minas Gerais policies over the years have heavily promoted hydroelectricity over other options. In this context, the state of Minas Gerais plays an important role in the national scene since it produces 17% of the electricity in the whole country [4] .
Regarding the GHG emissions, the energy sector in Minas Gerais (production and consumption) is the second largest, with 36.9% of the 123 million tonnes of CO 2 equivalent (CO 2 eq), behind only Land Use, Land-Use Change and Forestry sector, which accounts for roughly 51.4%. Further, according to the data presented in the GHG inventory, the state emitted 6.4 tonnes of CO 2 eq per capita and approximately 1.28 tonnes of CO 2 eq/US$ 1,000.00 in 2005 [5] .
Despite the low carbon intensity in the energy sector of the state, the increasing energy demand arising from population growth, rising income, and growth in industrial production, agricultural services, and gross domestic product (GDP) in general (average annual growth rate of 8.28% from 2002 to 2010) poses challenges to increasing, and even maintaining, the current share of renewables in the state. Moreover, some projections show the necessity to further increase energy supply in the medium term in order to effectively support the current and projected economy [4] . This is mainly due to the fact that the main power source of the state, hydroelectricity, has practically reached its maximum exploitation stage [4] . Thus, the Government faces a relevant dilemma: which strategy and energy mix should be prioritized in order to ensure simultaneously the increase in energy security and the decline in GHG emissions?
In this context, efforts should be directed towards promoting more sustainable energy generation and consumption in the state, mainly achieved by increasing the use of alternative energy sources, such as wind, solar, biomass, and even natural gas, which have lower carbon content than the other fossil fuels currently used in Minas Gerais.
Currently, the share of wind and solar energy in the energy mix of the state is almost negligible, despite the high potential. The average wind capacity at 100-m height is estimated at approximately 39.000 MW, which represents a potential of roughly 120 million MWh and two times the energy demand in the state in 2009 (assuming an average capacity factor of 0.35) [6] .
Besides the need to increase the share of these renewables sources, there is also a significant opportunity for replacing more polluting and GHG-intensive fuels, such as coal and oil fuel, with charcoal from planted (and sustainably managed) forests and natural gas in the industrial sector, and also increasing the share of biofuels in the transportation sector.
In view of the current context and upcoming challenges and opportunities, it is crucial to elaborate detailed scenarios for energy supply and demand to assist in decision-making, considering policy options for promoting renewable energy sources, fuel switching to less carbon-intensive fossil fuels, and for promoting energy efficiency. However, it is extremely important to use a methodology that allows addressing quantitatively also the potential cross-sectoral impacts of such interventions, measuring possible economic, environment, and social main impacts directly or indirectly influenced by the investments simulated.
In this context, this study aims to create energy supply and demand projections, as well as their main impacts on environmental and socioeconomic indicators, for two main scenarios: a business-as-usual (BAU) case and an alternative scenario in which carbon intensity would be reduced (RIC) in the state of Minas Gerais. We also intend to propose a methodology for developing scenarios that allow to identify possible future trajectories disaggregated by the economy sector, calculating specific energy consumption, estimating future GHG emissions, and creating a theoretical and methodological basis for an ex ante assessments of the cost of implementation of the public policies considered.
Review of relevant modeling frameworks
A large number of models are available for either analysis of energy or integrated national planning. Unfortunately, only few of them encompass both aspects in a single holistic framework, which would apply well to the rapidly changing context of Brazil and Minas Gerais. Feedbacks across the economy, society, and environment are difficult to identify, manage, and quantify, especially with conventional methodologies and models. Two categories of energy-economy models are commonly accepted: market-and behavior-oriented, which are both causal-descriptive (e.g., System Dynamics) or correlational (e.g., econometrics), and bottomup optimization models [7] .
Policy optimization models are generally built to find the optimal intervention that minimizes expected energy supply costs at any point in time, given a specific set of assumptions and constraints. Correlational models provide projections on the implementation of policies describing the system using correlation and are based on established economic theory. System Dynamics models, instead, provide information on the functioning of the systems to analyze the wider impacts of each policy being tested [8] . These policy proposals are taken as given to support the formulation of final drafts and evaluate their impacts on society, economy and the environment, without imposing rational behavior or economic equilibrium.
System Dynamics models, thus, have more freedom to represent phenomena that are inconsistent with some of the assumptions (i.e., economic theory) of policy optimization models, allowing a full customization of their structure through the representation of feedbacks, delays, and non-linearity [9] .
Early energy models were commonly bottom-up linear programming applications (using optimization) focused strictly on the assessment of energy systems. Some of these models are still being used, despite their limited scope [10] . Some linear programming models were then further developed to include non-linear programming components that allow for the interaction of "bottom-up" technology modules with "top-down" simplified macroeconomic modules [11, 12] . Recently, due to the need to investigate the impacts of natural disasters, as well as technology development, these tools were enhanced with stochastic programming and mixed-integer programming techniques [11] . Models like Market Allocation (MARKAL) [11, 13] , Model of Energy Supply Systems Alternatives and their General Environmental Impacts (MESSAGE) [14, 15] , WEM (World Energy Model) [16] and National Energy Modeling System [17] belong to the category of models that have evolved over time and now include econometric components and a Computable General Equilibrium model (theory-based) to take into account macro-economic conditions, on top of an optimization structure representing the energy system. These models can be, in fact, considered hybrids as they try to combine top-down and bottom-up approaches. MARKAL, in particular, which nowadays represents a family of models more than a single framework, is in fact a "partial equilibrium bottom-up energy system technology optimization model employing perfect foresight and solved using linear programming; with numerous model variants that expand the core model to allow for demand response to price (MACRO (non-linear) and Elastic Demand (MED)), uncertainty (Stochastic), endogenous technology learning (ETL), material flows and multi-region (linked) models; plus new variants under development which support multi-criteria analysis (Goal Programming), and myopic execution (SAGE for EIA IEO)" [11] .
The use of medium-to longer-term energy planning models over the years has provided policy makers and planners with insights on policy impacts and energy technologies, in addition to offer projections on demand and supply, as well as prices. In some cases, energy models (e.g., correlational ones) were also able to provide some insights on the interconnections between macro-economic development and energy management, but rarely vice versa (e.g., causal descriptive models). These models, such as in the case of WEM, include six main modules: final energy demand, power generation, refinery and other transformation, fossil fuel supply, CO 2 emissions, and investment [18] . Their structure is generally a systems engineering optimization construction of the energy sector, in which engineering feasibility is ensured by making energy flows consistent with model constraints on primary-energy extraction and energy conversion and transport, as well as on end-use technologies and others. These models operate under perfect foresight assumptions and optimize energy flow-given demand and an objective function. This function, also called optimization routine, selects energy carriers and transformation technologies from each of the sources to produce the least-cost solution subject to the predefined (and user-defined) constraints [11] .
Each model in this category slightly differs from the others in terms of details and boundaries. MESSAGE, for instance, finds the optimal flow of energy from primary energy sources to useful energy demand (end-use consumption) through the simulation of various investment choices that lead to the lowest cost of all feasible energy supply mixes to meet the specifically given energy demand. In other words, given exogenous demand, MESSAGE selects the energy mix that supplies it at least cost [19, 20] . The World Energy Model instead calculates energy demand econometrically, using data for the period from 1971 to 2004. For future assumptions, adjustments can be made to account for expected changes in structure, policy or technology using econometrics [16] . MESSAGE could only calculate demand endogenously when coupled with MACRO, a Computable General Equilibrium (CGE) model that would communicate iteratively with the energy components of MESSAGE to calculate energy prices based on the best mix of energy sources used to supply demand (e.g., demand and supply balances), which is in turn calculated using GDP and energy prices. In order to calculate demand and other macro-variables in such way, economic growth and demographics have to be indicated exogenously, in addition to technology costs, technical characteristics (e.g., conversion efficiencies), and development [16, 20] .
A more comprehensive model that incorporates a larger number of economic components with respect to MARKAL is General Equilibrium Model for Energy-Economy-Environment Interactions (GEM-E3). This model computes the equilibrium prices of goods, services, labor, and capital that simultaneously clear all markets and determines the optimum balance for energy demand/ supply and emission/abatement [21] .
The GEM-E3 model includes economic frameworks used by the World Bank (national accounts and social accountability matrix) as well as projections of full inputoutput tables by country/region, employment, balance of payments, public finance and revenues, household consumption, energy use and supply, and atmospheric emissions. There is no objective function in GEM-E3: being a full CGE model, the equations underlying the structure of the model define the behavior of the actors identified with the SAM [22] . The production function of the model uses capital, labor, energy, and materials; the properties of the system such as stock and flow relationships, capital accumulation delays, and agents' expectations are considered. The main exogenous inputs to the model are population, GNP, and energy intensity.
The wider boundaries of the GEM-E3 model resemble the structure of Threshold 21 (T21) [23] , a causal-descriptive model, where System Dynamics (SD) is employed and where society, economy, and environment are represented. T21 and other System Dynamics models, thanks to a flexible and versatile software application, are able to combine optimization and market-behavior frameworks into one holistic framework that represents the causal structure of the system. SD models offer a complementary approach that allows moving toward optimal energy flows while concurrently simulating the interaction of a large number of feedback loops with the major factors in the rest of the economy, society, and the environment. This provides useful insights for policy formulation and evaluation analysis. Examples of SD models applied to energy issues include the IDEAS model [24] , an improved version of the FOSSIL models [25, 26] built by Roger Naill, the Energy Transition Model [27] , the Petroleum Life Cycle Model [28] , and the Feedback-Rich Energy Economy model [29] . These models do not encompass the interactions between energy, society, economy, and environment, which constitute one of the major innovations introduced by the Threshold 21 model [30, 31] . In fact, the FOSSIL, IDEAS, and Life Cycle models consider energy in isolation; Sterman's model [27] includes energy-economy interactions only, and Fiddaman's FREE model [29] focuses on economy-climate interactions (oil and gas depletions are considered as "source constraints", while climate change is a "sink constraint" on the energyeconomy system). Nevertheless, both FOSSIL and IDEAS models made important contributions, such as their use by the Department of Energy for policy planning in the 1980s.
A recent System Dynamics model used as part of an Integrated Assessment Models, IMAGE 2.2, for climate change analysis is TIMER [32, 33] . TIMER is a simulation model that does not optimize scenario results over a complete modeling period on the basis of perfect foresight but simulates, instead, the year-to-year investment decisions based on a combination of bottom-up engineering information and specific rules about investment behavior, fuel substitution, and technology. The output is a rather detailed picture of how energy demand, fuel costs, and competing supply technologies could develop over time in various regions. The main exogenous inputs include GDP growth, population, technological development, and resource depletion. Differently from T21, TIMER does not account for feedbacks linking the energy sector to other ones. Though the uncertainties involved in these feedbacks may be large, the lack of interrelations between the different sectors is an important limitation that is not addressed with optimization or econometric models, which is why the author attempts at proposing a more comprehensive approach to energy issues.
With respect to the local context of Brazil, the models used to support energy planning are the Model for Analysis of Energy Demand (MAED) of the International Atomic Energy Agency and MESSAGE of the International Institute for Applies System Analysis. These models are primarily chosen for their wide use by the international community, allowing for comparisons, cooperation, and dissemination of results beyond Brazil.
The model MAED links socio-economic drivers to energy demand, which is the main output of the model. In turn, the MESSAGE model optimizes energy supply to meet the demand for useful energy.
Acknowledging strengths and weaknesses of the various models reviewed and the peculiarities of the rapidly changing environment in Minas Gerais, this study aims at exploring the dynamics of the energy sector in the state. In this respect, the System Dynamics was the methodology chosen, primarily due to the capability to develop causal descriptive models, with a flexible and modular approach that would not require reliance on national data, being customized at the state level.
As a result, the model presented in this study integrates relevant economic and social drivers, and estimates social and environmental impacts of selected policy interventions, considering feedbacks, delays, and non-linear behavior.
Methods
The model features a modular structure, borrowing from the underlying structure of the T21 model [34] (Figure 2) , where similar structural assumptions are adopted and coupled with local data to create projections for several variables across sectors (including, for instance, energy demand, and greenhouse gas emissions). The key variable outputs of each module are used as inputs for calculating variables of other modules, giving the model, as a whole, a dynamic and systemic character founded on the representation and use of several feedback loops. The model consists of 20 modules which were combined and run in the platform Simulating and Assessing Public Policies of Energy and Climate Change (SAPPE) developed in the Vensim software (Ventana Systems, Inc., Harvard). These 20 modules were divided into five categories: sectors, energy production, energy demand, energy efficiency, and indicators (see Table 1 ).
Using differential equations and the explicit representation of stocks and flows, the model calculates, among others, the likely energy demand, aggregated jobs generation due to the investment in different energy sources, and GHG emissions for each sector. The sectors analyzed were the residential; industrial; services; agriculture, forestry, and other land uses (AFOLU); and transport. Energy supply is modeled based on the trend curve of the technologies in the BAU scenario and using assumptions in the RIC scenario. The energy trade is also estimated by comparing the curves of supply and demand for the state of Minas Gerais both in terms of quantity, as in value. With this analysis, it was possible to provide for a net surplus (positive net trade) of electricity from 2026.
The main assumptions used to calibrate and run the model include population growth (1% per year), 6% of GDP growth per year, and a linear growth of the car fleet, reaching approximately 8 million cars by 2030. Regarding energy prices, we assumed 2% by 2030 [35] .
For the residential sector, we used specific data on households for Minas Gerais (population and energy demand). The main input variables to the model are the growth rate of population and households in the state by 2030, and the estimated electricity demand per person. The model is also using electricity prices and their impact on demand. In the RIC scenario, the impact of possible policies or energy efficiency measures in the residential sector was also estimated, considering the gradual disappearance of incandescent bulbs in the market; increased efficiency of refrigerators, freezers, and air conditioners; and maximized used of solar collector for heating water in general.
In the industrial sector module, we calculated the specific indicators for the state. The rationale for creating this module was based on the premise that the expected growth in Minas Gerais directly impacts industrial capital, which in turn impacts the industrial production (an elasticity factor is used to regulate this causal relation [34] ). The production is also affected by investments in education and health conducted (labor productivity), and input prices such as natural gas, oil, and electricity (total factor productivity) as shown in Figure 3 . The modeling of industrial production allows for calculating the energy demand, employment, and GHG emissions from the industries in the state. The elasticities used for the industrial sector include −0.15 relative to electricity price, −0.2 for oil price, −0.1 for natural gas price and 0.3 to employment.
The structure of the services sector is analogous to the industrial one. The main inputs are the expected growth in Minas Gerais by 2030 (used for calibration), the price of electricity, and the investment in education and health. These inputs are used to calculate the GDP of the services sector, also using elasticity factors as explained above. Finally, the GDP of the services sector impacts the energy demand and employment.
The sector of AFOLU contains agriculture, forestry, livestock, and changes in land use such as deforestation and reforestation. It was shaped primarily by considering three factors:
-GDP growth rate in Minas Gerais: This growth rate displays the expected growth of the economy by 2030 and determines the ability of investment in the capital and the AFOLU sector. -Product prices in the market: The higher the price of the product, the higher the value added to the AFOLU sector. -Income from the field: This directly affects the production sector and is influenced by several factors (water availability in the state, soil quality, soil nutrient depletion, soil erosion, among other data relating to the agricultural sector). As a premise, the AFOLU sector is destined to be about 2% (about 12.000 km 2 ) of the state territory for energy crops for ethanol and biodiesel. Thus, energy crops will not harm other crops.
The transportation sector module includes a variety of types of vehicles and fuels in the state. First, we projected the fleet for each type of vehicle (cars, motorcycles, vans, trucks, and buses) to 2030. The energy consumption of the fleet is based on assumptions about the share of biofuels, mainly ethanol and biodiesel, and increased energy efficiency for engines sold in Brazil. As a baseline assumption, the increasing efficiency of these engines is expected to maintain the trend observed in the recent years. In the BAU scenario, we considered an increase in the motors efficiency of 48% in 2050 relative to 2006, a constant share of ethanol and biodiesel in energy consumption, and no significant uptake of electric cars. In the RIC scenario, we assume that the governments of Brazil and Minas Gerais follow the US and the European laws in achieving lower fuel consumption (or higher fuel efficiency) by vehicle type [36] . We also assume that a government subsidy for ethanol will be established to ensure that it is competitive with gasoline and sugar. As a result, biodiesel penetration would increase by 2.5% every 5 years. Finally, we estimated the demand of fuel by type of vehicle and for the whole fleet. It is worth to note that due to the small share of natural gas in the energy mix in transport, we have not considered this fuel for this sector.
The electricity production sector is a key sector with respect to GHG emissions. For this sector, the primary driver is electricity demand (calculated previously in the residential, industrial, services, transport, and AFOLU sectors), allocated across various types of technology and energy sources, including a detailed representation of the capacity factor, capital and maintenance cost, employment, and emissions of each technology. The model then calculates the installed capacity for each source of energy, the cost of deployment, expected job creation in the energy sector, and its GHG emissions (including the carbon intensity of electricity imported). Due to the similarity of the electricity emission factor in Brazil and in the state of Minas Gerais, we have assumed that all the electricity imported will have the same carbon intensity as Minas Gerais.
Two scenarios were developed for the analysis of the results of the model, in the context of validation and policy analysis:
(1)BAU: We assumed that there are no major changes in the energy profile of the state (i.e., electricity supply is still dominated by hydroelectric generation, the transport matrix remains highly dependent on oil, and the vehicle fleet continues the exponential growth shown in the recent years). In this scenario, we did not consider additional public policies that would encourage the use of alternative energy sources, energy efficiency interventions, and the introduction of new technologies such as electric vehicles. (2)RIC: This scenario represents an alternative development path assuming that a reduction in GHG emissions becomes a priority for the state government. For consistency, we assumed the same rates of economic growth and energy demand as in the BAU scenario; however, the differences in the energy mix and demand emerge as a result of the simulation of energy efficiency policies and the increase in the use of renewable energy. This scenario is also characterized by specific policies, such as the introduction of strong incentives for alternative energy sources (including financial subsidies), or the introduction of mandates for ethanol consumption, energy efficiency public policies and increased biodiesel content in diesel to 15% by 2030. The scenario also considers the introduction of electric vehicles, reaching 50% of car sales in Minas Gerais in 2030 [37] .
With the creation of scenarios up to 2030, it was also possible to estimate the costs of each intervention simulated. This was then coupled with the effectiveness in reducing GHG emissions and in creating new and additional jobs to carry out a more comprehensive policy analysis.
The validation of the model was carried out at the structural and behavioral level. The ultimate objective of the System Dynamics model validation is to establish the validity of the structure of the model. The accuracy of the model's reproduction of real behavior is also evaluated, but this is meaningful only if we first have sufficient confidence in the structure of the model. To begin with, direct structure tests assess the validity of the model structure by direct comparison with knowledge about the structure of the real system. This involves assessing each relationship within the model individually and comparing it with available knowledge about the real system. There is no simulation involved. Examples of direct structure tests include: (1) structure confirmation tests, (2) parameter confirmation tests, (3) direct extreme conditions test, and (4) dimensional consistency test (unit of measure check). Next, behavioral test are performed. Examples of behavior pattern tests include: (1) trend comparison and removal, (2) period comparison using the autocorrelation function, (3) comparison of the averages, (4) comparison of the variations, (5) testing for phase lag using the cross-correlation function, and (6) the computing the discrepancy coefficient. As an example, the results of the linear regressions analysis, using official data from other studies [35] , indicate on average a correlation factor of approximately 95% for key variables in the model.
Results and discussion
The main results and indicators estimated for the two scenarios can be viewed in the comparative table below ( Table 2) .
To summarize the results, the RIC scenario has lower GHG emissions and greater energy generation and employment, but has a total cumulative cost of US$34 billion (from 2013 to 2030), higher than BAU based on the estimated final indicators. On the other hand, the cumulative cost of 46 billion (resulted from oil derivates and electricity imports minus the electricity surplus exported) could be avoided, and the cumulative income generated through new employment could reach nearly US$4.4 billion. The estimated employment refers to the additional direct job creation in the manufacturing, installation, operation, and maintenance of energy production capacity. As such, employment generation is proportional to production capacity, considering that different energy technologies have different labor requirements. In fact, the estimation of job creation is the result of the multiplication of construction and capacity by the specific employment multiplier of the technology and energy source considered. As such, the potential additional costs for employment (salary and wages) would be already incorporated in the generation cost and delivery of the respective technology and energy source.
Further, the energy demand shows a small decrease in the RIC scenario due to the energy efficiency policy implemented. The job creation in the energy sector was higher, explained by the alternative sources considered, like solar and wind, which are more labor intensive per MW installed. Below, we discuss the results of the main sectors analyzed.
Energy demand
In the BAU scenario, Minas Gerais would import electricity from 2026, as the expansion of supply cannot cope with the growth of demand (Figure 4) .
The demand for electricity grows from around 56 million MWh/year to about 131 million MWh/year in 2030. This increase is due to the high GDP growth and increasing per capita consumption of electricity by the population, an approximate increase of 133% for electricity demand in the state. This result highlights the need to implement energy efficiency policies to mitigate the growth in demand or further expand supply (through imports in the BAU case). In the RIC scenario energy, the demand is lower due to energy efficiency interventions, such as the use of solar collector, extinction of incandescent bulbs, and increased efficiency in refrigerators, freezers, and air conditioners (Figure 4) .
Additionally, the electricity production in the RIC scenario is much higher than the BAU scenario, through the encouragement of alternative energy sources and the re-powering of hydroelectric plants. Considering the introduction of alternative sources such as wind and solar, the state would still be energy self-sufficient by 2030 ( Figure 4) . Thus, the promotion of non-conventional energy sources, being alternative sources of energy for the reduction of GHG emissions, is also an excellent option for the state to maintain its energy security.
Oil demand, used for both transportation and electricity generation, shows strong growth in the BAU scenario ( Figure 5 ). In 2030, oil demand is projected to reach about 18 million tonnes/year versus 10 million tonnes/year in 2010, an increase of about 80%, due in large part to growing demand from the vehicle fleet. In the RIC scenario, oil demand is mitigated to reach 14 million tonnes/year in 2030. This difference is justified mainly because of the greater use of ethanol in the transportation sector, the penetration of electric vehicles, and the substitution of thermal power generation for renewables.
The fuel demand for light vehicles refers to the demand for ethanol and gasoline in the state. Ethanol production also presents a strong growth in demand driven by the increasing number of automobiles and motorcycles in both scenarios. The demand for this fuel jumps from 1.4 billion liters to 4.6 billion liters in 2030 in the BAU scenario and to 6.8 billion liters in the RIC scenario. The difference between the two scenarios is due to public policies aiming at replacing gasoline with ethanol through economic subsidies.
Gasoline demand shows large differences for the two scenarios. While the BAU scenario considers the increase in the efficiency of internal combustion engines, the RIC scenario adds the commercialization of electric vehicles and the implementation of an economic subsidy for ethanol, also supporting consumers and producers of sugarcane.
It is important to note that the full phaseout of gasoline through 2030 (as shown in Figure 6 ) is calculated primarily to estimate the potential achievable GHG reduction in the transport sector, rather than being a realistic government goal. However, we do not necessarily discard this scenario, especially considering the relevance of sugarcane production in the state (which is the third largest producer in the country) and the high potential to increase both productivity and production in the years to come. Nevertheless, this production has a cost, which is reflected in our calculations.
The fuel demand for heavy vehicles includes diesel and biodiesel consumption in the state ( Figure 6 ). The demand for diesel in the RIC scenario shows a reduction of about 2 million tonnes/year due to the increased biodiesel blend in diesel and efficiency for diesel engines. We assumed a gradual increase of the biodiesel content in diesel through 2030, proportional to the increase in demand for diesel. Every 5 years, the assumed increase is 2.5% in the blend of biodiesel in diesel, resulting in jumps in demand for this fuel in the years 2015, 2020, 2025, and 2030. The BAU scenario does not provide for the increased biodiesel content in diesel, considering a low investment in the biodiesel production and market stagnation without the aid of public action. Comparing the demand and supply of natural gas observed in the RIC and BAU scenarios, we notice a slight increase due to the substitution of fuel oil and diesel with natural gas in power generation (Figure 7) . Worth noting, the model did not consider the production of natural gas in Minas Gerais from the sedimentary basin of the São Francisco River due to the absence of robust technical and scientific data yet. However, unofficial sources estimate that the potential daily production is about 6 to 8 m 3 [38] , which would largely impact the energy mix of Minas Gerais by stimulating a significant increase in natural gas supply. If estimates are confirmed and the potential is actually exploited, we can expect a drop in natural gas prices and the replacement of LPG gas in the residential sector.
Power generation
In both scenarios, we considered only the construction of plants already approved, since the potential capacity is already close to saturation, and environmental legislation is increasingly resistant to the construction of larger dams [4] . The installed capacity in the RIC scenario shows an increase of 5% compared to the BAU scenario. The difference between the two scenarios results from the refurbishment and improvement of old plants with higher efficiency technology, adding 20% to the initial power capacity of the plant.
In the case of wind power, while the BAU scenario foresees an annual increase of 74 MW of installed power, the low-carbon scenario is more daring and provides an exponential increase until the state reaches 10% of its potential wind capacity in 2030 (about 3,900 MW) ( Figure 8 ).
The installed capacity of solar photovoltaic showed the greatest discrepancy between the two scenarios. While the BAU scenario was set up to be very conservative to reach about 4.5 MW by 2030, the RIC scenario has the same growth achieved by Germany (nearly 30% per year) and achieve the mark of 250 MW in the state by 2030 ( Figure 8 ).
Greenhouse gas emissions
Finally, when comparing the two emissions scenarios, GHG emissions will grow in both scenarios until the year 2030 as shown in Figure 9 . However, the increase in the RIC scenario occurs in spite of greater electricity generation compared to the BAU scenario. Thus, the carbon intensity of electricity indicator (the ratio of GHG emissions and electricity generated) reaches a value of 0.7 tonnes of CO 2 e/MWh in the RIC scenario as opposed to 0.84 tonnes of CO 2 e/MWh in the BAU scenario as shown in Figure 10 .
Compared to 2010 (0.82 tonnes of CO 2 e/MWh), the RIC scenario would reach a reduction in carbon intensity for power generation of about 15%. The same does not occur in the BAU scenario, which actually shows an increase in carbon intensity.
If we consider the carbon intensity of all energy consumed, we have a decrease of 16% due to the difference of 0.84 and 0.70 tonnes of CO 2 e/MWh consumed in the BAU and RIC scenarios, respectively.
Cost of implementing the BAU and RIC scenarios
We estimated the annual and cumulative cost for achieving the energy supply required in both scenarios. This would be the total amount of funding that the public and/or private sector, depending on the interventions implemented, will have to disburse to reach the desired levels of energy demand and supply simulated in the RIC scenario (Table 3 ). In fact, the costs of the scenarios represent the overall energy bill, considering both capital investment and trade, as the sum of all the investments needed to expand the capacity of power plants, the cost of energy imports (fossil fuels and electricity), oil refining, and internal electricity production for each energy source analyzed.
In the BAU scenario, we estimate that the average annual cost and total cumulative cost of all interventions reach US$18.5 billion per year and US$316 billion, respectively. Initial estimates indicate that this scenario would generate (and require) approximately 10,000 direct jobs in the energy sector. In addition, the annual cost of electricity imports by 2030 could reach US$449 million.
In the RIC scenario instead, the average annual cost and the total cumulative cost were estimated to be approximately US$21 billion per year and US$350 billion, respectively. The additional investment required is the result of the expansion of capacity for power generation from alternative sources (e.g., wind and solar) that are currently more expensive than hydroelectric plants. Of relevance, the investment estimated also includes the public subsidy (financial) for ethanol production, supporting producers by equating their sale price to the price of international sugar. The initial estimates indicate that this scenario would generate (and require) approximately 14,000 direct jobs only in the energy sector.
Besides the benefits of energy security (with the state being still energy self-sufficient in the RIC scenario until 2030 and beyond), the results show an important cumulative economic savings of roughly US$1 billion by 2030 due to avoided electricity imports and increased electricity exports.
In addition, we calculated the income generated by increasing direct employment in the energy sector. The BAU scenario is projected to generate US$301 million/ year, which grows to US$536 million/year in 2030 in the RIC scenario. This difference in income generation was estimated to impact the state GDP by increasing growth by at least 0.07%/year. Since we calculated only the direct new jobs in the energy sector, the GDP growth mentioned above can be considered conservative, because the model does not capture the indirect effects of investments into "greening" the economy, resulting in additional indirect jobs, increased average wages, and higher consumption.
Conclusions
In light of the results presented in the paper, we can appreciate the magnitude of the challenge that the state will need to address over the coming years to mitigate GHG emissions and provide energy security in the state. The estimated investments needed to achieve energy security and low carbon intensity in the RIC scenario represent an average increase of US$2 billion annually over the BAU case, which represents 0.57% of the state GDP in 2010. On the other hand, we can see important opportunities to contribute to global climate change mitigation while fostering a low-carbon energy sector and a green economy in the state. By investing in the renewable energy sources, energy efficiency, technological improvements, and the targets analyzed in this study, Minas Gerais State could reduce political and financial risks originating from the reliance on fossil fuels while generating more income in the energy sector and the state economy as a whole and reducing medium-and longerterm costs.
Further, it is crucial to note that investments in research and development in the energy sector are critical to ensure that the interventions simulated can be technically and economically viable. Another point to be considered is the need to review the transportation model in the state, which is focused primarily on road transport (single mode). Large part of the total GHG emissions refers to fossil fuels used for all logistics of people and goods in the state.
In addition, we intend to refine the model adding new modules, such as urban mobility/intermodal and fleet growth, exploration/production of natural gas in Minas Gerais, and power generation through waste. Additional sectors to be added include a more detailed representation of society and the economy, adding details and exploring additional cross-sectoral feedback loops with the goal to more explicitly support policy formulation and evaluation.
Despite the intrinsic uncertainties characterizing every modeling approach, this study highlights the importance of medium-and long-term planning in the energy sector, naturally carried out by the government due to its economically strategic and social relevance, in order to utilize advanced methods and tools that can be used to explore possible energy scenarios and their implications for public policies. Also, our results confirm and strengthen the role of investments in ensuring energy security while lowering GHG emissions, as a valid public policy options to help "greening" the energy sector in a more sustainable national and subnational context. 
